This chapter presents variabilities in the vertical structure of precipitation over the Indonesian maritime continent (IMC), which were inferred from the gradients of the radar reflectivity (dBZ) below the freezing level and were gathered from the latest 2A25 TRMM-Precipitation Radar product over a 17-year time span (1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014). In general, the downward increasing (DI) pattern of dBZ toward the surface is more dominant than the downward decreasing (DD) pattern, which has a ratio of 1.3. The DI is frequently observed over the ocean, and the higher prevailing rain top heights over land are associated with DD, in most cases. Shallow convective rains have the largest ratio of DI to DD (>4), followed by deep convective rains. The largest ratio is observed during DecemberJanuary-February (DJF) when wetter conditions are dominant over the IMC, which is a favorable condition for raindrop growth. The stratiform rains show a dominant DD in which the ratio of DD to DI is greater than 1.6 for each season. The spatial distribution of the stratiform gradient is more complex than that of convective rain and does not show a robust land-ocean contrast. The diurnal variation in the reflectivity gradient for stratiform rain is less pronounced. With convective rain, DD is more dominant in the afternoon and evening over a large island, indicates a decrease in the raindrop concentration due to the evaporation and updraft associated with the intense convection.
Introduction
The precipitation pattern over the Indonesian maritime continent (IMC) is very unique due to a complex interaction between the local and global scale atmospheric circulations. The IMC consists of thousands of islands, which range in size from less than 1 km to several thousands of kilometers. The complex shape, geography, and orientation of the island coastlines contribute to the uniqueness of the IMC environment (Figure 1a) . In addition to the complex geographical variation, precipitation formation in the IMC involves large-scale atmospheric circulations such as El Niño-Southern Oscillation (ENSO) [1, 2] , Madden-Julian Oscillation (MJO) [3, 4] , and monsoons. The local circulation such as the diurnal cycle of precipitation [5] may be modified by larger-scale circulation [6, 7] , and thus, the precipitation pattern over the IMC becomes more complex. The IMC receives a large amount of rainfall throughout the year, and precipitation varies considerably across the region [8] [9] [10] . The average annual rainfall at several locations is very high and can reach 6200 mm (Figure 1b) . The lightning activity also varies from one region to another with the annual lightning ground flash density of 97 fl km −2 yr −1 in certain locations (Figure 1c) . Heavy rainfall in this region often leads to numerous hazards that result in high economic losses.
Complex interactions between the local and global scale atmospheric circulations during precipitation formation in the IMC are the most challenging issues regarding rainfall estimates, weather prediction, and climate modeling [11] . However, research on the variability of Indonesian tropical precipitation has been primarily focused on the spatial and temporal variability of surface rainfall and less focused on the vertical profile of precipitation. This is despite knowledge of the vertical structure of precipitation being an important aspect in cloud dynamics and thermodynamics, which includes latent heating and remote sensing algorithm development. Vertical heating profiles from the stratiform (convective) precipitation process in the upper (lower) portion of the clouds [12] control the atmospheric circulation. Apart from the bright band near melting layer, the increase (decrease) in the rainfall rate toward the surface in stratiform clouds indicates the growth (evaporation) of precipitating particles because of microphysical processes [13] . The evaporation that occurs during the precipitation cycle of water plays an important role in the horizontal and vertical transport of energy in the atmosphere [14] . In remote sensing technology, vertical precipitation profiles are required for developing rain retrieval algorithms, which are used for satellite microwave measurements because the top of the atmosphere brightness temperatures vary depending upon the vertical structure of precipitation even though the rainfall rates at the surface are the same [15] . Furthermore, most operation ground-based radar cannot measure rainfall close to the surface. Thus, information about the vertical gradient of the rainfall rate below the freezing level is crucial for the estimation of surface rainfall.
Given the significant implications of the precipitation vertical profile, many subsequent studies have been performed. There have been numerous reports of spatiotemporal variation in the precipitation vertical profile over Asia or larger areas [15] [16] [17] [18] [19] . For a smaller climatic region, there have also been some studies completed in Africa [20] , India [21] , and the Huaihe River Basin in China [22] . However, comprehensive analysis of the statistical properties of precipitation vertical profile over the IMC has not yet been found. Some previous studies are only based on the data obtained from several locations, particularly in Java and Sumatra. Previous studies are mostly deal with the characteristics of raindrop size distribution (DSD) [9, [23] [24] [25] , the diurnal and intraseasonal variations in precipitation [4, 26] . Thus, in this chapter, the first study to investigate the precipitation vertical profile for the entire IMC region is presented.
Theoretical background
In this chapter, the vertical profile of precipitation over the IMC was revealed from the radar reflectivity gathered by precipitation radar (PR) onboard the tropical rainfall measuring mission (TRMM) satellite. Therefore, prior to discussing the data and methodology, we will briefly review the physical basis of radar reflectivity.
Precipitation radar uses the returned radio waves from water drops and ice crystals in the troposphere to estimate the precipitation rate. The returned power (P r ) and characteristics of the radar and target can be expressed in an equation called the radar equation, which is given by the following:
where r is the distance from the radar to the target, C is a constant depending on the radar equipment, and Z is the radar reflectivity factor, which is determined by the physical properties of the target. The returned power and radar reflectivity factor are usually expressed in decibels (dB) because they span a large range of values. Therefore, dBZ is the unit most frequently seen on the radar display, which stands for decibel relative to Z and can be estimated by solving Eq. (1) as follows:
The dBZ is a basic quantity used in weather radar. Radar reflectivity (Z) is an inherent property of a raindrop, which is given by the following:
where D is the raindrop diameter and N(D) is raindrop size distribution. Eq. (3) is only valid if the radar wavelength is larger than the raindrop size, which is also known as Rayleigh scattering. On the other hand, if the wavelength (λ) is not large enough compared with the raindrop size, then the radar reflectivity equation as follows:
where σ is the Mie scattering cross section and |K w | is the complex index of refraction for water [27] .
Weather radar has become essential in cloud physics, weather observation, and forecasting. Accurate estimates of both the spatial and temporal distribution of observed rainfall are important inputs for weather forecasts, river and flash flood models, and others. Unfortunately, the accuracy of rainfall estimates using weather radar is affected by multiple sources of error. The errors originate from the internal characteristics of weather radar such as the miscalibration of radar parameters in constant C of Eq. (2). Other error sources are from external environmental conditions such as ground clutter, partial beam blockage, signal attenuation, and the vertical profile of radar reflectivity. Most operation, ground-based radar cannot measure radar reflectivity close to the surface. The minimum effective height of radar coverage may be 1-2 km or more above the surface [18] . Thus, information about the vertical gradient of radar reflectivity below freezing level is crucial for the estimation of the surface radar reflectivity.
Radar reflectivity is proportional to the sixth power of the drop size (Eq. (3)), and thus, the characteristics of a raindrop have a disproportionate effect on radar reflectivity. Downward increasing or decreasing of radar reflectivity toward the surface is related to the evolution of raindrop, particularly a large-sized drop. Over the IMC, spatiotemporal variation of DSD is clearly observed, particularly for heavy rains [9, [23] [24] [25] . As the physical properties of precipitation, such as raindrops, continuously change and vary spatially and temporally due to many aspects, the vertical gradient of radar reflectivity also varies. Therefore, using a fixed vertical gradient of radar reflectivity values can result in erroneous surface reflectivity that leads to erroneous rainfall estimates from weather radar. However, a study on the vertical profile of precipitation over the IMC remains limited to several locations.
Once the surface radar reflectivity is available, this value must be converted to the desired parameter, which is rainfall rate (R), by using the Z-R relationship obtained from the raindrop measurement. However, as explained above, considerable spatiotemporal variation in DSD is well documented. Thus, the inappropriate selection of Z-R relation is another source in weather radar. To reduce this conversion error, many radars use rain gauge networks although this technique is difficult to use for extreme rainfall measurements [28] . Detailed discussion of the variability of raindrop size distribution and Z-R relationship is beyond the scope of this chapter.
Data and methodology
In this chapter, attenuation corrected equivalent radar reflectivity from the TRMM PR 2A25 data product was used. The 2A25 has level 2 algorithms from TRMM PR, which generate products associated with radar signal processing and physical processes of storms. The TRMM PR works in the Ku band frequency with horizontal resolutions of 4.3 and 5.7 km at nadir, before and after boost, respectively [29] . The vertical resolution is 250 m with the total number of vertical range gate of 80. The height corresponds to the distance measured along the radar beam from the point of intersection between the beam and Earth's ellipsoid, and this is not to the local vertical height.
In the current study, the TRMM PR V7 data for a time span of more than 17 years, from 1998 to 2014, is examined. The PR consists of 49 angle bins with an angle-bin interval of 0.71°, which gives a maximum scan angle of 17° about the central beam. However, because the focus of this study is on vertical structure and a reduction of problems at higher scan angles is sought, such as like range-height offset, only the profiles with an incidence angle of less than 7° on either side of nadir are included, which is similar to some of the previous studies [20, 21] .
The PR has a minimum sensitivity of approximately 17 dBZ [29] . In this study, only those reflectivity profiles with a Z ≥ 17 dBZ for at least seven consecutive range bins are considered. Also excluded from this study is the virga profile, where only the profile with detectable surface rainfall is analyzed. The vertical profile of radar reflectivity gradient (VPRG) is used to express the vertical gradient of precipitation. The gradient is calculated by using the linear regression as a function of dBZ and height. Negative values indicate a downward decreasing (DD) of radar reflectivity toward the surface, which is characterized a maximum rainfall rate aloft and positive rates denotes a downward increasing (DI) pattern. The gradient is calculated for the dBZ profile below the freezing level (0.75-3 km) with four consecutive range bins [18] .
Separation radar reflectivity profile between convective and stratiform is important in precipitation study because each rain type is characterized by different mechanisms of precipitation growth. The TRMM PR V7 of 2A25 classifies the rain type into more than 30 subcategories which can be summarized into several major types: stratiform, stratiform maybe, convective, convective maybe, and others [30] . Simply, the bright band (BB) signature is used to identify the stratiform and convective. If BB is not detected, and yet, any value of radar reflectivity in the beam exceeds 39 dBZ, the profile is labeled convective. Furthermore, if BB is not detected, and the convective reflectivity threshold is not met, the profile is called other. In this study, only those reflectivity profiles with stratiform and convective labels are considered. The convective reflectivity profiles are then classified into deep and shallow convective. The profile with a rain top height (RTH) of less than the freezing level height is considered to be shallow rain; otherwise it is assumed to be deep convective. In this work, the RTH is assumed to be at the highest altitude with Z ≥ 18 dBZ for at least two consecutive range bins.
Of the many variations in precipitation over the IMC, characteristics of the vertical profile of radar reflectivity at seasonal and diurnal scales are the main focus of this chapter. The seasons are classified into four categories, that is, December, January, February (DJF); March, April, May (MAM); June, July, August (JJA); and September, October, November (SON). Using the aforementioned database, the spatiotemporal distribution of profile number, mean gradient and RTH are contoured on 0.25 × 0.25° boxes. Mean gradient and RTH is only calculated if the number of profiles in that box is more than three. In general, the DI of radar reflectivity toward the surface is more dominant than the DD pattern. The most dominant DI was observed in the Indian Ocean, whereas DD was observed on land (Figure 2b) . This is evident from the larger ratio of DI to DD in the oceans than on land. The largest ratio of DI to DD is approximately 6, and the smallest ratio is 0.66. This value does not change much for the extreme gradient (gradient > ± 1 dBZ/km), in which the smallest ratio is 0.64 and the largest is 5.61 (Figure 2c) . The dominant DI pattern in the ocean, which indicates a significant raindrop growth was previously found by some investigators [15] [16] [17] [18] . Because DI is more dominant in the oceans, the mean gradient of reflectivity in the oceans is more positive than on land (Figure 2d) . The gradient pattern seems to strongly coincide with the rain top height. A higher RTH is more frequently observed on land than in the oceans (Figure 2e) . The largest ratio of RTH > 5 km to RTH < 5 km is approximately 6.2 and the smallest is 0.47. This RTH ratio value is nearly equal to the ratio of DI to DD.
Results

Climatology of vertical profile of precipitation
Seasonal variation of vertical profile of precipitation
Prior to discussing the seasonal variation of the precipitation vertical profile, in this section, the seasonal variations in low level relative humidity (RH) are first provided (Figure 3) . Active periods of convection over the IMC are observed during DJF, which is associated with a dominant westerly wind. During this period, wet conditions (RH >70% at 850 hPa) are visible within the entire IMC region except in the eastern Pacific Ocean. During MAM, the humidity Engineering and Mathematical Topics in Rainfallis slightly high over land, which means that convection over land is active. On the other hand, a slightly high humidity is observed over Papua and the Pacific Ocean during JJA. November is a rainy season in some parts of western IMC, and a slightly high relative humidity was observed over this region. In general, an inactive convection period over the IMC is associated with prevailing easterly winds [30] . Figure 4 shows the monthly variation in the number of radar reflectivity profiles, ratio of DI to DD, mean VPRG and mean RTH for each rain type. Percentage of profiles is calculated by normalizing the profile in one-month bins. The largest percentage of profiles occurs in December and January, which is consistent with convection period over the IMC (Figure 3) . The largest ratio of DI to DD was also observed during these months, followed by June, July and August. The smallest percentage of profiles was seen in August, which is the dry season over the IMC. All rain types exhibit similar percentage patterns. The gradient is more positive in January and December. On the other hand, the mean rain top height is lower during this period. Thus, mean reflectivity gradient pattern is contrary to the rain top height, which is discussed above (Figure 2) .
To see the spatial variation in the radar reflectivity profile, the spatial distribution of the ratio of DI to DD, mean of VPRG and RTH for deep, shallow and stratiform are given in Figures 4-6 , respectively. For the entire dataset (without rain type classification), the ratio of DI to DD for DJF, Figure 2 . Climatology of rain profile (a), ratio of radar reflectivity profiles with gradient greater than 0 (DI) to profiles with gradient less than 0 (DD) (b), ratio of radar reflectivity profiles with extreme gradient greater than 1 (DI > 1) to profiles with extreme gradient less than 1 (DD < 1) (c), mean radar reflectivity gradient (d), ratio of radar reflectivity profiles with rain top height (RTH) greater than 5 km to profiles with RTH less than 5 km (e) and mean RTH (f). The diagram was calculated in the 0.25 × 0.25° grids.
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MAM, JJA, and SON are 1.36, 1.28, 1.23, and 1.22, respectively. Deep convective has a slightly dominant DI with the ratio of DI to DD being 1.37, 1.22, 1.30, and 1.22, respectively. Moreover, the shallow convective rain has a larger ratio, in which the ratio for each season is 5.27, 4.26, 5.13, and 4.05, respectively. In contrast to convective rain, stratiform rain has a more dominant DD in which the ratio of DD to DI for DJF, MAM, JJA, and SON are 1.60, 1.71, 1.80, and 1.66, respectively. Thus, in terms of the profile number, there is an increase in DI percentage during DJF and JJA, except for stratiform rain. This is also visible in the dual peak in Figure 4 . In general, Indonesia has three rain zones with different rainfall peaks (see Figure 3 of [31] ). The first zone includes south Sumatera to Timor island, southern Kalimantan, and Sulawesi with a DJF peak. The second zone has a rainfall peak in MAM and October, November, and December, which includes northwest Indonesia from northern Sumatra to northwestern Kalimantan. The last region includes Maluku and northern Sulawesi with a rainfall peak during June and July. Because Figure 4 was averaged in the area covering all three rain zones, two dominant peaks are observed during November, December, January (first peak) and June and July (second peak).
The DI is more dominant in deep convective rain than DD (Figure 5 ) with the previously described ratio. This indicates significant raindrop growth. Convection generally has stronger updrafts, which can modify the drops through drop sorting and enhancement of the collision-coalescence process. Both processes will increase the concentration of medium and larger-sized drops, the former by not allowing the smaller drops to fall and the latter by consuming the smaller drops. The study of the vertical profile of DSD using wind profiler radar and Micro Rain Radar (MRR) over Sumatera proves this hypothesis [3, 23, 33] . A slightly larger downward increasing of deep convective reflectivity gathered from wind profiler radar is consistent with the low-level raindrop growth, which is inferred by the MRR observation.
In general, the DI pattern is dominant in the ocean, particularly during wet conditions (DJF). A wetter environment may be a favorable condition for raindrop growth. During MAM, JJA and SON, the gradient becomes more negative, especially between the longitude of 100 and 120° E. High relative humidity values over large islands during this period do not cause DI of radar reflectivity toward the surface. On land, the growth of the raindrops by the collisioncoalescence process was much less efficient [34] . During the active convection (DJF), westerly winds blow from the Indian Ocean. Therefore, the precipitation systems over large islands such as Sumatera and Borneo are more maritime in nature than those present during the active convective period. The propagation of clouds from brightness temperature data indicates this phenomenon. Furthermore, the precipitation over land during the inactive convection period particularly in MAM and JJA, is characterized by deeper storms (Figure 5j and k) , which is common with continental rain [3] . Figure 5j and k reinforce the terrain effect on the reflectivity gradient in deep convective rain, which has been reported in some previous studies [32] . Figure 6 shows the seasonal variation of the precipitation vertical profile for shallow convective. In general, the pattern of shallow convective is the same as that of deep convective. The DI over the ocean is also more dominant than over land. A more positive gradient over land was observed during MAM and JJA (Figure 6f and g) , which is coincident with a higher rain top height (Figure 6j and k) . However, the ratio of DI to DD for shallow convective is much larger than deep convective. Thus, the raindrop growth during shallow convective rains is more significant than deep convection. In addition to the collision-coalescence process due to the convective updraft, two other processes determine raindrop growth, that is, accretion of bulk cloud water and self-collection among raindrops [35] . The updraft is generally weaker over ocean than over land [36] . The strength of the updrafts affects the height at which collisions between different sized droplets occur. A strong updraft (more common over land) will not allow the smaller drops to fall until the particles are large enough to fall. Therefore, a greater concentration of small-sized-raindrops will be observed at the surface. On the other hand, smaller raindrops can fall and monotonically grow in weaker updraft condition [36] .
Therefore, the value of DI in convective rain, including shallow convective, is larger over the ocean than over land.
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For stratiform, DD is more dominant than DI, which indicates a reduction of raindrop concentration toward the surface due to the evaporation process [13] . While the DD is dominant, some profiles also show a DI pattern. Moderate and heavy rain intensity during stratiform rain is associated with DI or less negative DD [32] .
The spatiotemporal distribution of the reflectivity gradient for stratiform rain does not show a significant seasonal variation (Figure 7) . The land-sea contrast is not clearly observed for this rain. Thus, the effect of terrain appears to be negligible for stratiform rain, which was previously found in another region [32] . This result supports the previous study on the characteristics of DSD over the IMC. The DSD over the IMC, particularly in Kototabang (Sumatera) and Singapore, shows much less seasonal variation than in India, especially for light (stratiform) rain [24, 33] . 
Diurnal variation of radar reflectivity gradient
The diurnal cycle of precipitation is a prominent mode over the IMC. There have been many studies on the diurnal variation of surface rainfall over the IMC [3, 5, 7, 11] , and the focus here is on the diurnal variation of precipitation vertical profile. Figure 8 shows the diurnal cycle of the number of radar reflectivity profiles for each rain type. From the early morning until morning, that is, 01-06 local time (LT), the number of profiles on land is very small, especially for deep and shallow convective rains. Simultaneously, many stratiform profiles are observed in the coastal region of Sumatra and surrounding seas. In addition, the amount of stratiform rain is also widely observed around the coastal region of Papua.
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The large number of shallow convective profiles is also widely observed in the Indian Ocean, especially in the southern region between 01 and 09 LT. From 13 LT, the number of convective profiles on land increases and reaches a peak between 16 and 18 LT. For shallow convective rain, the largest number of profiles on land is observed between 13 and 15 LT. On the other hand, the peak of stratiform profile numbers on land is observed rather later than the convective rain, namely, between 19 and 24 LT. During this period, the number of profiles in the ocean is suppressed.Based on Figure 8 , when the convective rain profile reaches a peak in the afternoon over land, the stratiform profile number is at a minimum during this period. Furthermore, when the stratiform profile reaches a peak in the ocean during the early morning, the convective rain profile is at a minimum over land. Migration of the evening convection over land and early morning convection over ocean has been described previously in some papers [5] . 
Mature convection over land is normally a result of surface solar heating and a gravity wave forced by convection. Land-based convection is associated with high rain top height due to a strong updraft. This can be seen in Figure 9 , in which between 13 and 21 LT, the rain top over (Figure 10 ).
The summary of the aforementioned discussion is given in Figure 11 . Two major peaks are observed, in which one is over land and the other is over ocean. Furthermore, the rain top height increases with increasing time, particularly between 12 and 24 LT. During this period, the reflectivity gradient is less positive or more negative, which is an indication of the reduction of raindrops toward the surface due to evaporation, particularly small-sized raindrops. Disdrometer observations in Sumatera have shown that the raindrop spectra from noon to evening contains less small-sized drops (<2 mm) than at other hours [37] . Between 00 and 12 LT, Engineering and Mathematical Topics in Rainfallthe rain top height decreases, and the reflectivity gradient increases (Figure 11c and d) , which indicates raindrop growth.
Conclusions
The vertical structure of radar reflectivity has many applications, but it has not been comprehensively analyzed on the IMC, which is a region with complex precipitation formation due to the interaction of local circulation dominantly affected by the topography and some global circulations. In this chapter, we present the statistical analysis of seasonal and diurnal variations of such a profile. The gradient is calculated using a linear regression of radar reflectivity as a function of height, in which the positive gradient is denoted as DI and the negative gradient is the DD of radar reflectivity toward the surface. In general, the pattern of reflectivity gradient in this work is similar to that previously found on a global scale, in which the dominant DI is observed in the oceans and DD is observed predominantly on land. However, the diurnal and spatial variations in the gradient shows interesting feature. For convective rainfall, the ratio of DI to DD increases during the wet season such as DJF, whereas during the drier season (MAM and JJA), the number of DD pattern increases, especially over land as the rain top height increases due to the prevailing land-based convection. The stratiform rain does not show a significant seasonal variation, which is consistent with some previous studies on the seasonal variation in raindrops over the IMC. The vertical structure of radar reflectivity shows significant diurnal variations, and the pattern is similar to the land-ocean convection migration, which has been previously reported in some studies. The smallest DI ratio, especially over land, is observed during intense solar radiation. This indicates the reduction of raindrop concentration due to evaporation, especially small-sized raindrops, which are seen from a deficit of such raindrops during this period. The results in this chapter will be useful for the quantitative estimation of rainfall based on weather radar, particularly over the IMC.
